X-ray absorption studies of the geometric and electronic structure of primarily heterogeneous Co, Ni, and Mn based water oxidation catalysts are reviewed. The X-ray absorption near edge and extended X-ray absorption fine structure studies of the metal K-edge, characterize the metal oxidation state, metal-oxygen bond distance, metal-metal distance, and degree of disorder of the catalysts. These properties guide the coordination environment of the transition metal oxide radical that localizes surface holes and is required to oxidize water. The catalysts are investigated both as-prepared, in their native state, and under reaction conditions, while transition metal oxide radicals are generated. The findings of many experiments are summarized in tables. The advantages of future X-ray experiments on water oxidation catalysts, which include the limited data available of the oxygen K-edge, metal L-edge, and resonant inelastic X-ray scattering, are discussed.
Introduction
The increase in world population together with an increase in living standards is causing an increase in energy consumption. 1, 2 Currently fossil fuels are by far the most important natural energy resource. However, these reserves are finite and the combustion of fossil fuels has significant negative effects on the environment. As a consequence, there is an urgent need for inexhaustible, renewable and clean energy sources.
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to form H 2 (2H + + 2e À -H 2 ). Due to the four electron transfers required, the OER is especially demanding, and catalysts to increase the rate of the reaction have been investigated for decades. 3 Transition metal oxide materials, whose surfaces are easily hydroxylated, have proven to be among the best water oxidation catalysts (WOCs). 4 The metric for their catalytic properties is the O 2 evolution rate at a particular over-potential. The over-potential is defined as the difference between the applied potential and the thermodynamic potential for water oxidation (1.23 V vs. SHE, pH = 0). As an example, the O 2 evolution rate per site is in the range of 0.01-0.1 O 2 /Co site for Co 3 O 4 with a moderate over-potential of 0.3-0.4 V. 5 The over-potential can be tuned either by a voltage in an electrochemical cell or by photoexcitation. Both an applied voltage and photo-excitation provide positive charges, or holes, that then accept electrons from water; while a voltage can continuously tune the potential of holes, photo-excitation (either by charge transfer from a lightabsorbing dye molecule or by exciting the catalyst itself) leads to holes at the potential defined by the lowest occupied band in the material, i.e. the valence band.
Fundamental descriptions of the catalytic activity of transition metal oxide materials start with the ground state atomic and electronic structure. This ground state structure is defined by the catalyst surface at equilibrium with a given pH. The catalyst could be at an applied potential below the thermodynamic potential of the reaction. For the purposes of this review, we define this to be the as-prepared structure of the catalyst. The as-prepared structure important to catalysis is guided by the local, molecular properties: the hybridization between the metal and the oxygen site, the oxidation state of the metal, the metal-oxygen distance, structural distortions and the degree of disorder. All of these electronic properties guides the coordination environment of a localized hole at a surface site from which a catalytic reaction can proceed. X-ray absorption spectroscopy (XAS) is a unique tool to investigate these local properties, because it excites an electron from core levels (1s, 2p of the metal and 1s of the oxygen) to an unoccupied band (metal 2p, 3d and oxygen 2p) and therefore is element specific. Further, extended X-ray absorption spectroscopy (EXAFS) determines bond distances and short-range order from the recoil of the atoms around the excited one. The first part of this review covers the XAS obtained ground state atomic and electronic properties of as-prepared transition metal oxide catalysts. The hard X-ray metal K-edge (1s to 2p transition) features prominently, due to the extensive work in this area; the more recent studies of the soft X-ray oxygen K-edge and metal L-edge (2p to 3d transition) are highlighted as well.
An even better probe of the coordination environment of a localized surface hole is to investigate these catalysts under reaction conditions with XAS and EXAFS. These reaction conditions are obtained in custom made cells that allow for the X-ray beam to penetrate the electrode through to the catalyst/ electrolyte interface. Recent techniques include the development of liquid cells for use in an ultra-high vacuum chamber and flow cells that allow for electrolyte and gas circulation. 6 In these experiments, one observes changes to the average oxidation state, metal-oxygen distance, structural distortions, and the degree of disorder in the material due to catalysis. Due to the fact that XAS is bulk sensitive, the effect of holes accumulating in the bulk and at the catalytic surface will be measured. Further, during catalysis, holes will both localize at the surface and transfer to the electrolyte, which could lead to small net changes with respect to the as-prepared catalyst. On the other hand, many of the heterogeneous catalysts investigated are generated electrochemically, which means that in the as-prepared state, they are porous and contain a large surface area. 7 Furthermore, recent infrared experiments of WOCs under illumination, 8 transient optical spectroscopy on the millisecond time-scale, 9 and photoelectrochemical measurements 10 suggest that under a steady state reaction, holes will accumulate at the surface. Therefore, if the average metal oxidation state increases as determined by metal K-edge XAS, it suggests that a surface Frank M. F. de Groot Dr de Groot received his MSc degree in Chemistry from Nijmegen University in 1986 and a PhD in Chemistry from Nijmegen University in 1991. He then went on to the LURE synchrotron in Orsay, France, from 1992 to 1994 and to a KNAW academy researcher position at Groningen University from 1995 to 1998. Since 1999, he has been working in the Chemistry Department of Utrecht University, since 2009 as professor in X-ray spectroscopy. His research is focused on X-ray spectroscopy for the study of the electronic and magnetic structure of condensed matter, in particular for transition metal oxides and heterogeneous catalysts under working conditions.
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hole has substantial metal character, and has less tendency to localize on surface oxygen sites. The second part of this review covers the XAS/EXAFS obtained atomic and electronic structure of transition metal oxide catalysts under reaction conditions. Here, almost exclusively the metal K-edge is investigated, although techniques are becoming available for in situ soft X-ray studies. 6, 11 The spectrum that XAS probes is diagramed in Fig. 1 . In general, the X-ray fluorescence from the catalyst is collected as a function of the incident X-ray energy. The X-ray energy tunes the excitation of core-level electrons to different, unoccupied electronic states (left), which modulates the intensity of fluorescent, electronic transitions of electrons in the occupied valence states to the unoccupied core levels (middle). Another way to obtain a spectrum as a function of X-ray energy is to collect the total electron yield, or the current between two contacts that is induced by the incident X-rays. The electron yield is considered especially surface sensitive (1-2 nm) since it is generated by low energy electrons emitted from the sample (right). With fluorescence or electron yield, a spectrum of the unoccupied electronic structure of either the as-prepared catalyst or the catalyst under reaction conditions is obtained.
The focus of this XAS/EXAFS review is the OER activity of heterogeneous, oxide catalysts containing cobalt (Co), nickel (Ni), and manganese (Mn). Oxides of these three metals are promising and affordable materials for water oxidation. [12] [13] [14] CoO-, NiO-and MnO-based electrocatalysts generally operate at lower over-potentials than transition metal oxides such as Fe 2 
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Observation of the direct spin density distribution of a radical was reported for a RuQO fragment in a molecular WOC by electron paramagnetic resonance. 25 The nature of this radical is expected to determine a transition metal oxide catalyst's ability to promote the formation of the O-O bond. In the proposed water oxidation cycle depicted in Fig. 2 , two transition metal oxide radicals are involved in oxidizing a water molecule into the O-O bond, thought to be the rate limiting step of the water oxidation reaction. 3 There are Fig. 1 The XAS measurements depicting the initial X-ray excitation to unoccupied electronic states (left), the fluorescent X-ray probe of the emissive transition of occupied electronic states filling the core hole (middle), and the electron yield probe that results from emitted electrons (right).
Fig. 2
Catalytic mechanism depicting (a) a transition metal oxide radical with metal character generated by hole injection and (b) a transition metal oxide radical with oxyl character generated by hole injection.
two proposed routes for generating O 2 from the as-prepared catalyst at equilibrium, adapted from previously proposed mechanisms for Co, Mn catalysts 22 ( Fig. 2a) and Ni catalysts 20 ( Fig. 2b) . The first highlights the role of the transition metal oxide radical with metal character: two hole transfers generate two metal oxos that then nucleophilically attack water to create O 2 . The second highlights the transition metal oxide radical with oxygen character: here, two hole transfers create two oxyl radicals that then nucleophilically attack water. While there are other mechanism that could describe O-O bond formation, the initial transition metal oxide radical supported by the as-prepared catalyst will be a defining characteristic in any given one. The atomic and electronic information on the transition metal oxide radical can be provided for by comparing XAS and EXAFS of as-prepared catalysts with that of catalysts under reaction conditions. The review is divided into the following sections: (2) theory of XAS and EXAFS. The theory section primarily concerns the metal K-edge, metal L-edge, and O K-edge XAS/EXAFS, but also includes a brief description of resonant inelastic X-ray absorption scattering (RIXS) useful for future studies. (3) Ex situ metal K,L-edge XAS. This section reviews the results on as-prepared WOCs. (4) In situ metal K-edge XAS. This section reviews the results on WOCs under reaction conditions. The experimental sections (3) and (4) include an overview of the results of many XAS experiments in a tabular form. Comparisons between the ex situ and in situ tables are made. (5) Soft X-ray absorption of WOCs. This section discusses the recent cell development involved in the application of soft X-ray and RIXS to investigating catalysis, the limited studies currently available, and how the broader application of these techniques to catalysis could impact the field. For further reading, the reader is referred to several other reviews on X-ray spectroscopy [26] [27] [28] [29] and WOC.
1,2,30-33
X-ray absorption spectroscopy
When an X-ray passes an electron, the electron can capture energy as the X-ray causes the field to oscillate in both strength and direction. If the energy gain by the electron is equal to or higher than the binding energy of the core electron, a photon can be absorbed. A core electron is then excited to an excitonic state below the ionization threshold or to a free electron with a certain kinetic energy above the ionization threshold, as illustrated in Fig. 3 . The Fermi golden rule gives the transition probability W fi between the initial (f i ) and the final state (f f ) of the absorption process:
Conservation of energy is included by the delta function, d, with E f the final state energy, E i the initial state energy and ho the energy of the incident photon. The transition operator T is related to the interaction Hamiltonian and contains the term e ikr , with k as the wave vector of the X-rays. According to the Taylor expansion, the term e ikr can be written as 1 + ikr + Á Á Á.
Since the wavelength of an X-ray photon is much larger than the typical size of an atom, the factor kr is {1. Consequently, the dipole approximation can be used, which turns the transition operator into the dipole operator, r, and the Fermi golden rule can be written as
For excitations from the 1s core states the interactions between electrons in the final state are relatively weak and a single electron excitation approximation can be employed. In this case the initial state can be written as a core wave function (c) and the final state as a valence electron wave function (e). The squared matrix element M is assumed constant as it only has a small variation in energy. Subsequently the Fermi golden rule can be rewritten as
The delta function in the Fermi golden rule suggests that the absorption spectrum should look like the density of unoccupied states, broadened by the lifetime broadening as discussed below.
Variations in the X-ray absorption coefficient m are measured as a function of the incident X-ray energy. At a certain incoming photon energy a sharp rise in absorption will occur, referred to as the absorption edge or main edge. At this specific energy, the photon energy is equal to the binding energy of a specific core level. The K-edge relates to the transitions of the 1s core electron to the 4p conduction band, whereas the L-edge relates to transitions of the 2s and 2p core electrons to the 3d band. The excitation of a core electron results in an unstable state due to the presence of a core hole. The core hole will be filled by decay processes such as fluorescence or Auger.
The absorption spectrum can be roughly divided into two regions (Fig. 4) . The region at energies below and around the ionization threshold is referred to as the X-ray absorption near edge structure (XANES). Around 20 to 30 eV above the absorption edge, the excited electron is typically described using the electron scattering description and this region is referred to as the extended X-ray absorption fine structure (EXAFS). The two regions are further discussed below in terms of the information they provide.
Typical K-edge XANES for 3d metal oxides
For 3d transition metals, the K-edge is found in the hard X-ray regime (5-10 keV). The main absorption edge corresponds to transitions from the 1s to 4p states, while the corresponding pre-edge covers transitions from the 1s to 3d states. A typical K-edge spectrum for a 3d metal is given in Fig. 5 .
In order for a transition to be allowed, the matrix element should be non-zero. Consequently two selection rules should be obeyed. The first selection rule states that the orbital quantum number of the final state can only differ by one from the initial state (DL = +1 or À1) as light carries an orbital momentum of one. According to this selection rule a transition from an s orbital will be into a p orbital, i.e. from l = 0 to l = 1. The main quantum number does not have a selection rule. Therefore both 1s2p and 2s2p transitions are allowed. The second selection rule is the spin selection rule, which states that the spin of an electron cannot be modified during interaction with light as light does not carry spin (DS = 0).
There is much chemical information present in the XANES region. In the case of bulk oxides, the position of the edge is sensitive to the formal oxidation state of the element. This can be explained by an increase in the electrostatic interaction between the positive metal ion and negative electrons, caused by a decrease in the shielding of charge by the absence of extra electronic charge or higher oxidation states. 34 Wong et al.
(1984) found that for bulk metal oxides, the edge energy is linearly related to the formal oxidation state with a slope of B2 eV per valence. 35 For clarity we note that this concept of the X-ray absorption edge is not directly related to the ionization potential, but serves as an empirically determined parameter that correlates with the formal valence of the system. Three common methods to determine the edge position are (1) the energy at 50% intensity of the edge maximum, (2) averaging energies at 20% and 80% intensity of the edge maximum and (3) the energy of the inflection point. 36 If the edge is more than a single feature, for example containing a shoulder, different methods may report different edge energies. Therefore, consistency in the chosen method is important to properly relate edge energies to the formal oxidation state. The spectral shape and absorption edge position are also sensitive to ligand types and the coordination environment. The pre-edge feature in K-edge XAS gives important electronic and structural information. We discuss a number of limiting cases as examples: (a) in the case of isolated octahedral transition metal ions, the pre-edge corresponds to the 1s3d quadrupole transition, where the pre-edge is split by the crystal field effect into t 2g and e g peaks. (b) If inversion symmetry is broken such as in tetrahedral symmetry, there is hybridization of the 3d and 4p orbitals, implying that there are also direct dipole transitions into the pre-edge region strongly enhancing the preedge intensity. From the symmetry argument one can deduce that only the t 2 -symmetry states have dipole-quadrupole mixing. This implies that intense pre-edge features are indicative of a geometry distortion from a centrosymmetric environment. 37 (c) In the case of bulk oxides without inversion symmetry the situation is similar to an isolated complex, but in a bulk system with inversion symmetry, there are two separate pre-edge structures: (c1) the usual 1s3d quadrupole pre-edge and (c2) the 1s4p dipole pre-edge that is due to transitions of 4p states that hybridize with the 3d states of near neighbors. The energy splitting between these two types of pre-edges is typically 2.5 eV. 38 Besides symmetry information, the pre-edge also contains information on the formal metal oxidation state. For bulk oxides, the pre-edge energy is linearly related to the formal oxidation state. 35 
Metal K-edge EXAFS
At the EXAFS energies, electrons are excited into the continuum. 39, 40 This region is dominated by scattering events of the outgoing electron on neighboring atoms and consequently the EXAFS region is best understood in terms of the wave behavior of the Fig. 4 The X-ray absorption spectrum can be divided into the XANES region, describing the edge structure up to around 25 eV above the edge, and the EXAFS region at higher energies. photo-electron created in the absorption process. The waves of the outgoing and scattered photo-electrons will interfere with each other. The interference pattern created depends on the path length of both waves and consequently the pattern contains information about the local structure around the absorbing atom. The EXAFS can be described by the EXAFS equation
where k is the photo-electron wave number, N is the number of neighboring atoms, f (k) and d(k) are the scattering factors of atoms neighboring the excited atom, R is the distance from the absorber atom, l(K) is the mean-free-path of the photo-electron and s 2 gives the disorder in the neighbor distance. When the scattering factors f (k) and d(k) are known, the EXAFS equation enables us to find the number of neighboring atoms, distances to neighboring atoms and the disorder in this distance. Furthermore, the scattering factors f (k) and d(k) are dependent on the atomic number Z and as a consequence EXAFS is sensitive to the atomic species of neighboring atoms. Due to the (k) and R 2 terms, the EXAFS provides a quantitative local probe.
EXAFS analysis.
In order to extract the EXAFS from experimental data, several steps must be taken. 40 To eliminate absorption from other edges and the instrumental background signal, the pre-edge background should be removed from the EXAFS spectrum. Subsequently, the ionization potential is determined to calculate
The ionization potential can be determined by several methods, discussed previously in the XANES theory. Next, the total absorption should represent the absorption of 1 X-ray and normalized from 0 to 1. Thereafter the atomic post-edge background should be removed. The post-edge background is often approximated by a cubic spline function as described by Cook et al. (1981) 41 with care taken to ensure no loss in the oscillation information. A radial distribution function w(R), where R is again defined as the distance from the absorber atom, is obtained by Fourier transformation (FT) of w(k). Due to the scattering phase-shift, the real distance is 0.2-0.5 Å; longer than the distance found by FT. By using different k weightings, specific scatterers can be emphasized, e.g. multiplication by k 2 will emphasize oscillations at high k. The Fourier transform is a complex function, containing both an imaginary and a real part. The imaginary part gives mainly information about the absorber-scatterer distance, whereas the real part is mainly given by the number of neighboring atoms and disorders. However, the analysis of metal-metal bonds from EXAFS is not always unambiguous and often there are alternative solutions that are (mathematically) as likely as the calculated results. Fig. 6 gives an example of the results obtained after EXAFS data reduction.
Resonant inelastic X-ray scattering based XAS techniques
In this section we discuss a number of relatively novel X-ray spectroscopy techniques that are based on resonant inelastic X-ray scattering (RIXS). This includes high-resolution fluorescencedetected (HERFD) XAS and valence selective XAS. RIXS, also known as resonant X-ray emission spectroscopy (RXES), is a second order technique in which XAS and XES are combined. 42, 43 The absorption of an X-ray photon with incident energy results in the excitation of a core electron. The core hole will be filled by the decay of an electron from a shallow core state or a valence state resulting in the emission of a photon. If the incident X-ray energy is chosen at an XAS edge, this X-ray emission is indicated as RIXS or alternatively as resonant X-ray emission or resonant X-ray Raman scattering. RIXS is a second order X-ray process where the excitation and de-excitation processes are coherently described by the Kramers-Heisenberg equation:
The scattering factor F is given as a function of the used X-ray energy (O) and the emitted X-ray energy (o). The transition from the ground state (g) to the intermediate state (i) and subsequently to the final state (f) is described by the operators T 1 and T 2 . The core-hole lifetime in the intermediate state G i gives rise to spectral broadening. Experimentally RIXS can be divided into soft X-ray RIXS using grating optics and hard X-ray RIXS using bent crystal optics. In this review we limit our discussion to hard X-ray RIXS at the metal K edges. For recent developments in soft X-ray RIXS we refer to a recent (review) paper. 42 The RIXS resolution has been improved to 30 meV at 1 keV primary beam, where we note that due to the low efficiency of the high-resolution RIXS process in situ experiments are tedious. When a 1s core hole is created by X-ray absorption radiative decay from 2p to 1s has the highest probability. These transitions are denoted as 1s2p RIXS or alternatively as Ka RXES. This notation describes the location of the core hole in the intermediate (1s) and final state (2p). Lower probability decay transitions also occur, for example Kb XES, the decay from the 3p to 1s level. During a RIXS experiment the incident energy as well as the emitted energy is varied. The intensities for both energies are plotted in a two-dimensional plane, the RIXS plane. In this plane the x axis represents the incident energy and the y axis represents either the energy transfer or the X-ray emission energy. If the energy transfer is used in the 1s2p RIXS, the y-axis relates to an L edge, whereas the x-axis indicates the K edge. The lifetime broadenings of the L edge and K edge invoke vertical respectively horizontal Lorentzian broadenings. The experimental resolution is approximated with a Gaussian shape and applies horizontal for the incoming X-rays and diagonal for the X-ray analyzer. Fig. 7 shows the cobalt 1s2p RIXS plane. 43 The pre-edge excitonic states are visible at 7709 eV. The diagonal bands starting at 7714 eV are the 1s2p fluorescence bands. A 45 degree diagonal cross section through the 1s2p RIXS plane implies a constant X-ray emission energy. This crosssection is indicated as the HERFD-XANES spectrum, where deviations can occur at the pre-edge region due to the excitonic effects. In HERFD spectra the spectral resolution is mainly determined by the lifetime broadening of the final 2p states and the experimental resolution. Because the 2p lifetime broadening is only 0.4 eV (full-width at half-maximum) 1s XANES spectra can be measured with 0.4 eV broadening instead of the natural lifetime broadening of B1.5 eV. Fig. 7 shows the comparison between XANES and HERFD-XANES of LiCoO 2 measured simultaneously. 44 
Soft X-ray experiments
The characterization of water oxidation catalysts using K-edge XAS has been extensive. K-edge XAS has been a valuable tool to approximate the electronic and structural properties that lend itself to OER catalysis. However, many of these studies were unable to distinguish distinct differences in XAS spectra among inactive and active catalyst systems. [45] [46] [47] [48] In order to further the fundamental understanding of the structure-activity relationship, other X-ray techniques may need to be additionally employed, such as L-edge XAS and oxygen K-edge XAS.
Metal L-edge XANES.
The functionality of WOCs is to a large extent influenced by the occupied and unoccupied 3d valence states of the catalyst material. Therefore, investigation of the 3d states can contribute to elucidating the structureactivity relationship of water splitting catalysts. The pre-edge structure of K-edge XAS gives information about transitions from the 1s to 3d states. Metal L-edge XAS offers a powerful tool to probe the unoccupied 3d states as it excites 2p
transitions. L-Edges for 3d transition metals are found in the soft X-ray regime (400-1000 eV) that can be measured with a resolution of B0.2 eV compared to B1.5 eV for hard X-rays. The 2p core state and the 3d valence state have a large overlap and therefore their interaction cannot be neglected. As a consequence the single electron excitation approximation is no longer valid. The initial state can then be written as a 3d n wavefunction, whereas the final state can be written as a 2p 5 3d n+1 wavefunction. The electric dipole operator can then be written as
Due to the overlap between the core and valence states, the spin-moment of the core hole interacts with the valence electrons, resulting in an exchange splitting. If the core hole also carries an orbital momentum, as is the case for 3d metals, the spin-orbit coupling separates the 2p levels into 2p 3/2 and 2p 1/2 , referred to as the L 3 and L 2 edge, respectively. The effects caused by the overlap of the core and final states are called multiplet effects. In the presence of spin-orbit coupling, the orbital angular momentum L and the spin angular momentum S are no longer appropriate to describe the system. The only valid quantum number in this case is the total angular momentum quantum number J. For the transition metal L-edges, p core states are dominated by a large core hole spin-orbit coupling. In the presence of spin-orbit coupling, the selection rules for the orbital angular momentum and spin angular momentum are no longer valid and the new selection rule states that the total quantum number J can change by minus one, zero and one (DJ = À1, 0, 1). In addition, the value of the final state cannot be equal to zero if the J value of the initial state is zero ( J i = J f a 0). The intensity ratio between the L 3 and L 2 edge is referred to as the branching ratio. 49 This parameter is sensitive to the spin state and spin-orbit splitting. The 3d metal L-edges are sensitive to changes in the formal oxidation state. Due to the exchange splitting described above, the spectral shape of the metal L-edge is a complex multipeaked structure. Therefore, rather than the edge position, the center of gravity of the complete L-edge is linearly related with the valence. Fig. 8 shows an in situ L-edge experiment on a Co 3 O 4 sample. 50 The temperature is increased while the sample is in a chamber with 1 mbar pure H 2 and during the heating procedure Co 3 O 4 is changed to mainly CoO at 250 1C and to dominantly cobalt metal at 425 1C. This type of in situ L-edge data is best quantified with the use of references and also use of data analysis programs such as BluePrintXAS. 51 
Oxygen K-edge XANES.
The importance of the hybridization of the oxygen 2p states with the metal 3d bands in electrocatalysis is described by J. Suntivich et al. [52] [53] [54] It was suggested that an increased character of the O 2p state near the Fermi level (E f ) allows the metal 3d states to mix with oxygen. Due to the increase in electronegativity by the oxygen electron injection and extraction is promoted, leading to higher OER activity. When a ligand, such as oxygen, is bound to an open shell metal ion, the ligand K-edge XAS spectrum provides information about the metal-ligand bonding interaction and electronic structure of the site, suggesting that oxygen K-edge XAS can be a valuable technique for obtaining a better structure-activity relationship for WOCs. Similarly to metal K-edge XAS, the core hole interactions in the final state of the ligand K-edge absorption are relatively weak. Therefore the XAS spectral shape of the ligand K-edge can be described with single electron approximation and the XAS spectral shape corresponds well with the p-projected density of states. 29 Analysis of the ligand K-edge indicates that the pre-edge intensity can be related to the hybridization of the ligand 2p with the metal 3d states. 55 Quantification of this structure gives the total hybridization of the ligand 2p with the metal 3d band, which is related to the metal-ligand covalence. The second region reflects ligand 2p character hybridized with the 4sp band. Ligand K-edge XAS probes a specific metal-ligand bonding interaction, rather than probing the net effect of the entire ligand environment as is done in metal L-edge XAS. 56 
Ex situ metal K,L-edge XAS experiments
Ex situ XAS experiments are used to study WOCs as-prepared, upon synthesis or after being active in the water oxidation reaction. The synthesis itself in many cases involves applying a voltage or light illumination. Ex situ implies that a ground state atomic and electronic structure of the as-prepared catalyst at a given solution pH is investigated. This section reviews the XAS and EXAFS structural studies of as-prepared Co-, Mn-and Ni-based WOCs, gives an overview of the results, and reports the results in Table 2 .
3.1 Cobalt-based WOCs 3.1.1 CoCat. A promising Co-based WOC, referred to as CoCat, was reported by Kanan and Nocera in 2008. 57 They reported a thin film catalyst that could be easily prepared upon oxidative polarization of indium tin oxide (InSnO 3 ) in a phosphate (P i ) buffer from reactant Co 2+ ions in aqueous solution. The catalyst showed remarkable catalytic activity at low over-potential, neutral pH, room temperature and 1 atm. Furthermore, the catalyst exhibited a self-healing mechanism, similar to that observed in the biological Mn-complex of photosystem II. The electronic structure of this CoCat thin film was studied using XAS.
58,59
The Co K-edge XANES structure of the KP i -CoCat, compared to Co 2+ and Co 3+ standards, indicated a Co oxidation state of B3+ (Fig. 9) . The spectral shape of the Co XANES region revealed information on the coordination geometry and ligand type and suggested a near-octahedral coordination of Co by six oxygen ligands (CoO 6 ).
EXAFS simulations verified the coordination of Co by six oxygen ligands (Fig. 10) . A Co-O distance of 1.89 Å was found. A Co-Co distance of 2.81 Å suggested Co atoms interconnected by di-m-oxo ((m 3 -O) 2 ) or (m 3 -O)(m 2 -OH) bridges, as found in Co-oxo cubanes (Fig. 11) . Furthermore, a Co-Co distance of 5.62 Å as second nearest neighbor indicates two cubanes sharing a Co corner. XAS also probed the orientation of the Co complex. By performing measurements at different angles between the X-ray beam and the sample surface, the catalyst showed a fully isotropic distribution of Co-O and Co-Co vectors, as was expected for cubane units. To test the stability of the CoCat, additional XAS measurements were performed on a dried CoCat ground to a powder, dried CoCat on InSnO 3 electrodes and a quasi in situ condition, where the CoCat-covered cathode was rapidly removed from the solution and frozen in liquid nitrogen. The XANES and EXAFS region of all this sample set looked similar, suggesting the CoCat is robust against air exposure, dehydration and mechanical treatment.
The composition of the CoCat films was shown to be dependent on electrolyte composition, pH and Co concentration during electrodeposition. 60 The influence of different electrolyte compositions on the structure and function of the CoCat films was further studied. 59 In addition to the potassium phosphate buffer, different CoCats were prepared at pH 7 from weakly buffering acetate electrolytes, KOAc and LiOAC, and nonbuffering chloride electrolytes, KCl and CaCl 2 . Despite the compositional differences noted by Surendranath (2009) , the functionality of the various CoCat films was only weakly dependent on the redox-inert cation. In addition, XANES showed that the Co oxidation state was still B3+ for all CoCats as shown in Table 1 and EXAFS revealed that the Co ligand environment was also similar to the structure previously reported for KP i -CoCat, except for KCl-CoCat.
The pre-edge intensity of the CoCat samples was found to be higher when compared to the Co 2+ reference. The increase of pre-edge intensity with oxidation state could be explained by the shortening of the metal-oxygen distances upon oxidation, resulting in increased mixing between the p and d orbitals. 61 Furthermore, variation in the pre-edge intensity between the different CoCats may indicate varying amounts of short di-m-oxido bonds, as highly symmetric arrangements of ligands lead to a decrease in pre-edge intensity. 62 FT analysis of the EXAFS structure of the CoCat samples reflects a reduction in order when compared to the crystalline LiCoO 2 reference as indicated by the low amplitudes of the FT peaks b, c and d (Fig. 11) . The highest degree of order was found for the least active KCl-CoCat, whereas the lowest degree of order was observed for the most active KP i -CoCat. Consequently, it was hypothesized that the active species of the CoCat films were peripheral Co-oxido clusters, with the terminal O atoms (Fig. 12) . Despite having an identical cobalt tetramer core, (1) was found to be active in water oxidation, whereas (2) did not show any water oxidation activity. 46 This suggested that ligands play an important role in tuning the stability and catalytic activity of the Co POM complexes. Since water oxidation is most likely situated on two terminal Co atoms, which coordinate with water, it was suggested that ligand effects on the terminal cobalt atoms tune activity. 46 Co K-edge XAS spectra were acquired for solids and solutions of (1) and (2). The XANES structures for both catalysts in solid state and in solution are similar. The edge position and spectral shape indicate the presence of a Co 2+ species in both catalysts. The EXAFS structure for both Co POMs shows two major peaks, where the first peak is related to Co-O bonds, giving a Co-O distance of B1.9 Å, and the second peak is related to a disordered group of single-scatter vectors assigned to Co-Co and Co-W bonds, suggesting a M-M distance of B3.2 Å. The FT EXAFS showed no significant differences between the solid state and the solution state sample except for a slight intensity increase in the second peak for the solvated samples, indicating a slightly more ordered state, as shown in Fig. 13 . No significant differences between the two structures were found within the XAS spectra, suggesting that the difference in activity cannot be solely attributed to ligand effects on the terminal cobalt atoms. The stability of the Co POM catalyst (1) in solution was investigated by taking XAS spectra at various pH values. The Co K-edge XANES structure did not change as a function of pH and remained consistent with a Co 2+ species. Additionally, small changes in pH from 7.5 to 6.5 did not show any major changes in the FT EXAFS structure. However, as the pH was reduced from 7.5 to 2.5, the FT showed an increase in the first peak, accompanied by a reduction of the second peak, suggesting dissociation of the cluster to free Co 2+ in solution. 65 The structure of Co POM (3) is depicted in Fig. 12 . XAS spectra were acquired for both solid state and solutions of (3). The XANES structures obtained for different concentrations of (3) in aqueous solutions do not show significant differences from each other and are similar when compared to the solid sample of (3). XANES edge positions give a Co oxidation state of 2+. This oxidation state was conserved upon dissolution of the microcrystalline powder and after Ru III -driven water oxidation catalysis. Analysis by comparing (3) to another Co POM with a well known structure, (Fig. 12) , confirmed the sensitivity of XAS to small amounts of dissociated Co 2+ ions.
While (3) has four Co within the core structure, (4) has three Co. The coordination number found by EXAFS simulations predicts a difference of one Co atom between these two structures, concluding that the loss of a single Co ion through dissociation would be detectable by EXAFS analysis. Furthermore, EXAFS analysis indicates a M-M distance of 3.19 Å for (3) in both solid and liquid phases, whereas for (4) a M-M distance of 3.8 Å was found. For both (3) and (4) a Co-O distance of B2.05 Å was reported. Both XANES and EXAFS confirmed that neither dissolving nor oxidant exposure and water oxidation catalysis modifies the structure of (3), revealing a stable (3) under experimental conditions. The XANES structures of the Co POM (3) before and after catalysis were found to be significantly different from [Co(H 2 O) 6 ] 2+ and the typical edge-sharing octahedra found in
CoCat, suggesting the absence of dissociation of (3) into free Co 2+ ions which could form a CoCat-like structure upon electrooxidation as previously suggested by Stracke et al.
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Hibberd and co-workers (2015) used Co L-edge XAS to study the electronic structure of various Co POMs and Co 3 O 4 thin films.
66 L-Edge XAS spectra for the Co POMs determined the oxidation state, ligand coordination geometry, and the effects of electron-electron interactions on Co-O hybridization. While providing a thorough understanding of the ground state electronic structure, the Co L-edge structure was insensitive to the heteroatom identity and number and position of Co ions that differentiate the activity of the different Co POMs. . Ni-O bond lengths obtained from EXAFS analysis allowed a more accurate determination of the B i -NiCat oxidation state. Using a relation between the Ni-O bond length and Ni oxidation state obtained from the literature, the oxidation state was found to be 3.8+ for B i -NiCat. EXAFS analysis of the B i -NiCat suggested a layered g-NiOOH-like structure, with borate and water molecules between the oxide layers. Comparison of the EXAFS spectra of B i -NiCat and CoCat indicated a similar layered oxide structure for both catalysts, as shown in Fig. 14. 
Nickel-based WOCs
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Comparison of the Ni-Ni bond length of the B i -NiCat to CoCat indicated a common M-M distance of 2.81 Å, indicating the presence of di-m-O(OH) bridging between metal ions for both NiCat and CoCat. The higher intensities of the peaks at reduced distances of 4.9 Å and 5.6 Å indicated more long-range order for the NiCat than that observed for the CoCat. Overall, the atomic structure of the NiCat seems to be very similar to that of CoCat and several of the common features are also observed in the biological Mn 4 Ca(m-O) n complex of photosystem II. 71 A similar Ni-based catalyst was studied with XAS by Singh et al. (2013) . 45 They investigated a NiO x WOC electrodeposited from [Ni(en) 3 ]Cl 2 , with en = 1,2-diaminoethane, in a 0.10 M borate buffer solution at pH 9.2. Both Ni K-edge XANES and EXAFS showed spectral shapes consistent with g-NiOOH films, confirming the results by Risch and co-workers. 70 Sun and co-workers (2012) used L-edge XAS to determine the oxidation state of Ni in a NiO x functionalized silicon and found Ni 2+ as the dominant species in both pre-annealed and annealed samples. 72 
Manganese-based WOCs
The Mn-oxide complex in nature's photosystem II is considered the most active water oxidation catalyst at low over-potentials. 73 The activity has in part been ascribed to a leveling of the potential by the distribution of Mn 3+ and 4+ oxidation states within the catalyst. Over the past few years, several studies have been conducted on the use of heterogeneous Mn oxides as catalysts for OER. 74, 75 The water oxidation activity of most Mn-based systems is, however, drastically suppressed at neutral pH. Recently, in situ optical absorption studies suggested that surface associated Mn 3+ ions act as precursors for OER. 76 At pH values lower than 9, Mn 3+ decomposed to Mn 2+ and Mn 4+ . The lower water oxidation activity under neutral conditions was attributed to a lack of active Mn 3+ ions.
XAS study on an electrodeposited Mn-based catalyst comparable to the CoCat presented by Nocera et al. 57 was reported by . 48 Voltage cycling was needed for this structure in order to get an active Mn catalyst which is in contrast with electrodeposited Co-and Ni-based catalysts, where electrodeposition at constant potential resulted in catalysis. 58, 70 Mn K-edge XANES and FT EXAFS determined the structural differences between the inactive Mn oxide catalyst formed from electro-deposition at constant potential and the active catalyst prepared by a voltage-cycling protocol (Fig. 15) . Mn K-edge XANES indicated an oxidation state of 3.8+ for the active Mn catalyst, whereas the inactive catalysts showed an oxidation state of 4.0+. The shape of the XANES spectrum of the inactive Mn oxide indicated a birnessite-type layered structure, whereas the active Mn catalyst suggested a less ordered ligand environment. The FT EXAFS spectra indicated coordination of the Mn by six oxygens at a distance of 1.89 Å and the presence of di-m-oxo bridges for both materials, confirming the presence of Mn IV O 6 in both the active and inactive phases. A difference in the peak intensities at higher reduced distances indicated a higher degree of order for the inactive Mn oxide.
The effect of calcination temperature on structure and catalytic activity was explored for a set of Mn-based WOCs using XAS on a highly active mesoporous MnO x material 77 and a nanostructured Mn oxide cluster on silica. 78 The calcination temperature affected the Mn phase formed and the highest water oxidation activity was observed for the catalyst calcined at B600 1C. Mn K-edge XANES and EXAFS spectra acquired for the three precursors in acetonitrile (reference), loaded into Nafion (precursor) and the active MnO x catalyst formed after electrooxidation of the precursor showed significant differences. The precursors showed an oxidation state of 2+, reduced from the reference oxidation state, while MnO x catalyst had an average oxidation state of 3.75-3.85. EXAFS patterns of the three different Mn precursor materials loaded into Nafion had significantly different EXAFS structures, but upon electrooxidation, gave similar EXAFS spectra. These patterns are consistent with the disordered Mn 3+/4+ -oxide phase, which accommodates water and cations in the interlayer space (Fig. 17) . Although the EXAFS structures of the three electrooxidized products are similar, the product formed from the [Mn(OH 2 ) 6 ] 2+ precursor showed a more pronounced intensity at k = 8 Å À1 , indicating a more ordered lattice structure. 79 Singh precursor. XAS patterns of the parent compounds showed significantly different oxidation states and connectivity when compared to the electro-oxidized materials. Further, the Mn K-edge EXAFS patterns for the electro-oxidized product of (1), (2) 
Overview of metal K-edge XAS
K-edge XANES was used to study the oxidation state of various WOCs, whereas EXAFS provided information about the atomic structure of the metal atom, such as coordination number and bond-lengths of neighboring atoms. Table 2 gives an overview of the results found for the Co-, Ni-, and Mn-based WOCs. Most of the WOCs had an average oxidation state of B3+. While the CoCats are fairly close to a 3+ Co oxidation state, the KP i -NiCat and MnCat had metal oxidation states that reached 3.8+. The MnO x WOCs are close to a Mn 3+ oxidation state. Deviations from these oxidation states were correlated with lower activity. The KCl-CoCat, showing the lowest activity among the CoCats, gave a slightly lower average oxidation state of 2.6+. The inactive Mn oxide had a higher oxidation state of 4+.
The metal-oxygen coordination number (N M-O ) of B6, the M-O bond length of B1.9 Å and the metal-metal (M-M) bond length of B2. 59 both of which showed a N M-O closer to 5. Furthermore, the metal-metal coordination number (N M-M ) varied most among the different WOCs, but showed no trend with water oxidation activity. Various studies reported the use of EXAFS to probe the degree of order by analyzing the peak intensities at higher reduced distances. Most studies concluded that a lower degree of order resulted in higher water oxidation activity. 48, 59, 70 For Zaharieva et al., this was the only clear difference in structure observed between the inactive and active Mn oxide materials. 48 Based on this trend, it has been suggested that less stable structures ensure availability of terminal coordination sites for binding molecular water species. 48, 59 Overall, the ground state atomic and electronic structures of the more active, as-prepared Mn, Co, and Ni oxide catalysts demonstrate significant similarities. They have a metal oxidation state of B3+, are characterized by a M-O distance of B1.9 Å, are comprised of di-m-O(OH) bridges with edge-sharing M 3+ O 6 octahedra, and exhibit structural disorder by EXAFS. The data also indicate that there are exceptions to these trends, though they cannot be correlated with activity. For the active CoCat, Co 4 (m-O 4 ) cubanes may also contribute and could not be excluded by EXAFS data. 58, 59 The di-m-oxo bridging, believed to be integral to the biological Mn 4 Ca(m-O) n complex in photosystem II, was also present in the inactive Mn oxide. 48 The homogeneous Co POM catalysts showed significant differences when compared to their heterogeneous counterparts. The 2+ oxidation state observed for the highly active molecular, homogeneous Co POMs was significantly lower than the oxidation state observed for the heterogeneous catalysts, (1) and (2) had a M-O bond length of B1.9 Å, whereas Co POMs (3) and (4) yielded slightly longer M-O bond lengths of B2.05 Å. The Co POMs with a core of 4 Co atoms showed a M-M bond length of B3.2 Å, whereas Co-POM (4), which has two metal cores with only 3 Co atoms each, gave a slightly higher M-M bond length of 3.8 Å.
In situ metal K-edge XAS experiments
Although ex situ XAS experiments are valuable to study the chemical structure of water splitting catalysts before or after reaction, the chemical state of a catalyst will change during a reaction, creating meta-stable intermediates. In situ XAS experiments provide the ability to study the structure and electronic properties of catalysts while a reaction is proceeding and can thereby contribute towards a better understanding of the structure-activity relationships, as the actual active phase can be monitored. The high X-ray energy needed for 3d metal K-edge XAS makes this technique extremely suitable for in situ experiments, as vacuum is not required and experiments can be performed under ambient conditions. Furthermore, at the X-ray energies needed for metal L-edge XAS or oxygen K-edge XAS, absorption of the electrolyte requires advanced set-ups, making L-edge in situ experiments challenging. When applying a potential equal to or higher than the water oxidation onset and/or light illumination, ideally the transition metal oxide radical thought to be the catalytic intermediate required for O-O bond formation is created. This radical is created by the transformation of holes into a molecular species at the transition metal oxide/electrolyte interface. While under steady state current evolution the catalytic cycle turns over many times, a number of electrochemical and spectro-electrochemical experiments suggest that a large population of such transition metal oxide radicals are created at the electrolyte interface under steady state conditions. [8] [9] [10] Therefore, changes in oxidation state observed by steady state, in situ XAS should be reflective of these transition metal oxide radicals. However, under the conditions of steady state current evolution, one should keep in mind that XAS in principle monitors an average oxidation state of a dynamic system. The catalyst will be oxidized by hole injection due to the applied potential or light illumination and reduced by electron injection due to water oxidation. Furthermore, XAS is a bulk sensitive technique, and therefore an average oxidation state change of bulk and surface charge is measured. A higher oxidation state of the metal generated by reaction conditions, therefore, only indicates that surface metals have been oxidized and cannot determine whether a full oxidation state change has taken place. Since metal K-edge XAS dominates in situ studies of water oxidation catalysts, the information primarily concerns the metal oxidation state. This section first reviews the XAS and EXAFS structural studies of Co-, Mn-and Ni-based WOCs under reaction conditions, then gives an overview of the results, and reports the results in Table 3 . Photo-electrochem. 0.5 V -0.5 V + UV
Cobalt-based WOCs
The atomic and electronic structure of Nocera's Co-P i CoCat during active catalysis was studied by . 57, 83 Both a thin surface film of approximately monolayer thickness and a thicker bulk film with 410Â more material were studied in an in situ XAS experiment. Experiments studied the oxidized intermediate during catalysis at 1.25 V (all voltages are reported with respect to the normal hydrogen electrode (NHE) unless stated otherwise) and the electronic structure of the catalyst state when this potential is removed and the system is left at open circuit potential (OCP). The XANES structures for both the bulk and surface Co-P i films at 1.25 V and OCP are given in Fig. 20A . The edge position indicated a Co valence state higher than 3+ for both the bulk and surface Co-P i films during water oxidation catalysis at 1.25 V. The inset in Fig. 20A shows the OCP vs. time traces, indicating that the Co-P i is returning to equilibrium at OC during this time. When switching from 1.25 V to the OCP, the absorption edge shows a continuous shift towards lower energies. This indicates that the metal is reduced due to electron injection from water caused by residual water oxidation. The edge-shift to lower energy was more pronounced (B1.0 V) for the thin film compared to the thick film (B0.3 V), indicating that a larger fraction of Co ions in the surface Co-P i sample are reduced compared to the bulk Co-P i sample within the time frame of the measurement.
FT EXAFS structures of the bulk and surface sample under a potential of 1.25 V and at OCP are shown in Fig. 20B . Two prominent peaks, I and II, were present and reflect the Co-O and Co-Co vectors respectively. The vectors indicated a Co-O distance of 1.89 Å and a Co-Co distance of 2.82 Å, indicating a similar edge-sharing CoO 6 octahedral CoCat structure as reported in the ex situ K-edge experiments by Risch and co-workers. 58, 59 The higher intensity of the Co-Co vector (peak II) for the bulk sample indicated a larger average number of Co-Co vectors per Co ion, as can be expected when comparing a bulk sample to a surface sample. Peaks III and IV could be related to contributions from outer shells and their weak intensities indicated a low degree of order for the edge-sharing CoO 6 octahedra, again consistent with the ex situ experiments by Risch et al.
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In 2013 Friebel et al. studied the chemical state of a CoP i CoCat during water oxidation catalysis using a HERFD XAS mode. 84 HERFD XAS gives a more detailed spectrum due to a reduced lifetime broadening, making this mode suitable for studies of the weak pre-edge structure, caused by 1s -3d transitions. Measurements were carried out under different potentials, ranging from À0.8 V to 1.0 V. The acquired HERFD XAS spectra are given in Fig. 21 . Upon increasing the potential the main absorption edge shifts towards higher energy, indicating an increased amount of Co 4+ species. At low potential the pre-edge structure shows a sharp peak at 7710.2 eV and a broader feature at 7712.5 eV. The peaks were assigned to both local and non-local transitions of high spin Co 3+ in an octahedral environment.
Local transitions involve the 1s3d quadrupole excitations and non-local transitions involve the 1s4p dipole transitions to the 3d-band, where the energy difference is given by the core hole potential. 38 When switching to higher potentials, the sharp lower energy peak increases in intensity and broadens towards higher energy. Analysis of the changes in the pre-edge structure by least square fits suggested the presence of a third peak at 7710.9 eV, which is assumed to be a contribution from Co is reduced by 12 orders of magnitude. Therefore, at high pH, large aggregates of H x CoO 2 form and limit the proton exchange 85 Bergmann and co-workers used in situ Co K-edge XAS to study the structural changes of the electrocatalyst during OER (Fig. 22) . XANES studies indicated a mean oxidation state between 2+ and 3+ for the as-prepared catalyst, consistent with Co 3 O 4 , whereas upon increasing the electrode potential to OER conditions (+1.62 V vs. RHE) the mean oxidation state increased, indicating a higher amount of Co 3+ and Co 4+ ions.
EXAFS identified changes in the Co coordination during OER, where the OER-active state at +1.62 V vs. RHE contained more di-m-oxo bridged octahedrally coordinated Co ions. After OER, both the XANES and EXAFS structures showed high similarities with the as-prepared catalyst, suggesting that the structural changes were reversible. The geometry of the Co 3 O 4 catalyst was also studied by Wang and co-workers (2016). 86 To investigate the active species in the catalyst, in situ Co K-edge XAS was used to compare the structure of the 
Nickel-based WOCs
In 2012 Bediako et al. studied the electronic and atomic structure in electro-oxidative activated and non-activated NiB iNiCats using in situ XAS. 88 During the electro-oxidative activation the catalyst was held at a potential of 1.1 V in a 1 M KB i electrolyte (pH = 9.2) for 2.5 hours and an activity increase of three orders of magnitude was observed when compared to a non-activated NiB i -Cat. This contrasts with the CoCats, where high WOC is observed directly upon electro-deposition. Ni K-edge XANES structures were collected for both samples at a potential below the onset for water oxidation catalysis (0.4 V) and at a potential at which oxygen evolution catalysis occurs (1.0 V). At the potential of 0.4 V, nickel centers are found to be in a 2+ oxidation state for both the activated and non-activated catalyst. This oxidation state is lower than that observed in the ex situ experiments by Risch and co-workers, 70 which can be explained by reduction due to the applied potential (0.4 V).
During water oxidation at a potential of 1.0 V, the non-activated Ni-B i exhibits an oxidation state of 3.16+, whereas the activated Ni-B i exhibits a mean oxidation state of 3.6+. This indicates that the electro-oxidative pretreatment causes an increase in the presence of Ni 4+ species by a factor of B3. The oxidation state of the activated Ni-B i closely resembles that of the Ni-B i in the ex situ state, 70 suggesting that major changes are predominantly due to the electro-oxidative pretreatment of the catalyst rather than due to reaction conditions. EXAFS was used to study the local geometry of the Ni centers (Fig. 23) . The FT EXAFS of the activated NiCat indicated a Ni-O distance of 1.88 Å and a Ni-Ni distance of 2.82 Å, consistent with a g-NiOOH structure and the structure reported by ex situ XAS studies by Risch et al. (2011) . 70 The non-activated catalyst showed a EXAFS structure more similar to the Jahn-Teller distorted b-NiOOH, with a Ni-O distance of 1.87 Å and a Ni-Ni distance of 2.03 Å. The oxidation state of 3.16+ found for the non-activated catalyst was consistent with a b-NiOOH phase, whereas the 3.6+ oxidation state found for the activated catalyst was consistent with a g-NiOOH phase. Both the change in oxidation state and structure upon electrooxidative activation suggest a transition from a b-NiOOH phase to a g-NiOOH phase with a higher amount of Ni 4+ species. The significantly higher water oxidation activity for electro-oxidative activated NiB i -cats suggests that g-NiOOH can be related to a higher OER activity, challenging previous findings where the b-NiOOH phase was found to be more active in OER. 89, 90 Reaction conditions do not seem to change the oxidation state of the activated catalyst, either at 1.1 V or 1.15 V, where the OER activity is significantly higher. This suggests that either the transition metal oxide radical generated by hole injection traps the positive charge on the oxygen rather than on the nickel, in the form of an oxyl radical, or a minor equilibrium is established where Ni 4+ catalytic intermediates formed on applying potential are quickly reduced by water oxidation.
A study on Ni-B i by used in situ XAS experiments to study electronic and structural changes. 91 The transformation to a g-NiOOH species upon applying potential was consistent with the findings of Bediako et al. (2012) for their activated Ni-B i -Cat. During the in situ experiment the electrode potential was increased from 0.2 V to 1.1 V, a potential above the onset for water oxidation. XANES analysis indicated the Ni species oxidized from 2.1+ to 3.8+ when going from 0.2 V to 1.1 V. The change in the local structure upon applying a potential was studied by EXAFS. At 0.2 V the local structure of Ni-B i was in agreement with that of a Ni(OH) 2 reference, whereas at 1.1 V, the structure was similar to that of g-NiOOH.
Manganese-based WOCs
The active phases of a MnO x /Au-Si 3 N 4 catalyst under electrochemical reaction conditions for OER were studied by Gorlin et al. (2013) using in situ XAS. 80 Fig . 24A shows the Mn K-edge XANES structures collected at a potential below the onset for water oxidation catalysis (À0.76 V) and at a potential at which Fig. 24B , and therefore bears similarity to the MnO x catalyst discussed above. However, a smaller coordination number N was found, implying a smaller particle size compared to the extended crystalline reference material or the presence of an increased amount of Mn 2+ .
Yoshida et al. (2013) used in situ XANES to study the photogenerated carrier transfer towards a Mn oxide cocatalyst on a n-type Nb:SrTiO 3 photo-electrode. 92 First the sample was studied as a function of applied potential without UV irradiation. Mn K-edge spectra were measured at several potentials between À1.3 V and +1. Besides Mn oxide thin films, Mn oxide particles on a Nb:SrTiO 3 photo-anode were also studied at 1.2 V under UV illumination (Fig. 25B) . The formation of a lower energy peak upon photo-irradiation indicated an increased amount of Mn 2+ . For the Mn oxide cocatalyst on a n-type Nb:SrTiO 3 photoelectrode, the importance of band bending for the photoexcited hole migration into the catalyst was studied by Mn K-edge XANES experiments under UV irradiation at À0.5 V, 0.0 V and +0.5 V. 93 The XANES structures obtained at both 0.0 V and +0.5 V showed an increase in edge energy, consistent with the oxidation of Mn 3+ species to Mn 4+ species. The oxidation state change for the catalyst at 0.0 V was less rapid than that observed for the sample at 0.5 V. The XANES structures at À0.5 V did not show a change in Mn oxidation state under UV irradiation, indicating that photo-excited holes were not transferred to the Mn oxide cocatalyst. The potential-dependence of Mn oxidation for potentials that can significantly alter the band bending, but not the water oxidation activity, suggests that the XAS Mn K-edge measurements report on hole injection driven by band bending in the n-type Nb:SrTiO 3 photo-electrode.
Overview of in situ metal K-edge XAS
The in situ XAS studies demonstrate the value of in situ K-edge XAS in investigating changes in the oxidation state and local environment in WOC materials with applied potential or light.
The results are reported in Table 3 . For all the studied catalysts it was found that upon increasing the potential to an OER relevant potential, the metal oxidation state increased to a value higher than 3+. suggesting that major changes are predominantly due to the electro-oxidative pretreatment of the prepared catalyst rather than due to reaction conditions. It is suggested that in Ni oxide catalysts, a radical with oxyl character is created. However, the lack of an oxidation state on the metal site could also be due a rapid pre-equilibrium of Ni 4+ with the solution, or due to the effects of impurities, such as Fe on Ni oxide catalysts. 7 XAS studies of the O K-edge would be helpful in resolving this issue, and are discussed further below. The in situ XAS studies also demonstrate that a reductive potential partially reduces the metal oxidation state. As shown in Table 3 , for potentials below the onset for WOC, the metal oxidation state is often lower than the value reported for ex situ experiments. This was especially clear for the NiB i -Cats, where an oxidation state of B2+ was found at potentials of 0.4 V or 0.2 V, significantly lower than the oxidation state observed for a similar catalyst in ex situ XAS experiments (43+). 70 Furthermore, found that when the CoP i system was switched from 1.25 V to OCP, residual water oxidation activity led to a reduction of Co. In the NiB i -Cats, the significant change in the metal oxidation state suggests that the reduction is occurring for bulk Ni centers. On the other hand, a reduction due to residual water oxidation activity in the CoP i system suggests that surface reactive metals are being reduced. The difference is indicative of a larger role of the metal within the transition metal oxide radical in the Co based catalysts compared to the Ni based catalysts.
As shown by Yoshida and co-workers (2013, 2014), the metal oxidation state can also increase as a result of photo-excited holes. They used XAS to study photo-excited hole transfer into a MnO x overlayer from a UV-irradiated Nb:SrTiO 3 substrate. The fact the Mn oxidation state increased with applied voltage 92, 93 indicates that band bending at the MnO x /Nb:SrTiO 3 acts as a driving force for photo-excited carrier separation and hole transfer to the catalyst. Studies such as this one by Yoshida suggest that light driven catalysis can be investigated on otherwise ''dark'' Mn, Co, and Ni catalysts.
EXAFS studies were used to study the structure of the catalyst under OER conditions, also reported in Table 3 . In all cases, the structure observed is similar to that found for the as-prepared catalysts studied under ex situ conditions. Both Friebel (2013) and found a H x CoO 2 structure consisting of edge-sharing CoO 6 octahedra for the active CoP i -Cats, consistent with the findings by Risch (2009 80 
Other X-ray experiments on WOCs
In this section we describe soft X-ray absorption experiments based on the oxygen K-edge and the metal L-edges of WOCs. Furthermore soft and hard X-ray RIXS experiments will be described. We start with a description of dedicated in situ cells for experiments with soft X-rays.
Development of in situ cells
In order to conduct soft X-ray and RIXS experiments under reaction conditions, novel cells had to be designed and developed. While they are reviewed more extensively elsewhere, 94 we provide a brief overview here. From the perspective of the X-ray beam, the cell design is tailored to meet the requirements of a much larger soft X-ray cross section of materials and electrolyte compared to the hard X-ray cross-section (a penetration depth of 100-500 nm for the soft X-ray regime compared with 100s of microns for the hard X-ray regime). The cell also must accommodate a liquid environment near the electrode that is enclosed from the ultra high vacuum (UHV) chamber through which the X-ray beam passes. As opposed to hard X-ray chambers that are completely enclosed by hutches, the soft X-ray beam is on the main floor of the synchrotron and is instead shielded by UHV conditions. Given the large cross section of soft X-rays, along with the long collection times associated with RIXS, the cells are also designed to prevent X-ray induced damage. In particular, they accommodate a flow of the electrolyte to help maintain a similar surface during the course of experiments. These flow conditions also help maintain a similar surface from the perspective of the catalysis itself, which can lead to modifications over time if the electrolyte is not replenished. From the perspective of experimental controls, these flow conditions allow for pH and chemical composition of the electrolyte to be tuned during the course of data collection.
The cell designs, developed largely at the Advanced Light Source at Lawrence Berkeley National Laboratory, are depicted in Fig. 26 . Fig. 26(a) shows the essential feature of the cell that allows for it to be accommodated within UHV conditions: namely the transparent window through which the soft X-ray beam passes to the electrode is a 1 Â 1 mm, 100 nm thick Si 3 N 4 cell window. This cell window, along with an O-ring, effectively seals the liquid from the UHV environment, but is thin enough to be transparent in the soft X-ray regime. A cell containing this cell window can also incorporate the full 3 electrodes necessary for electrochemistry, and a diagram of such a cell is depicted in Fig. 26(b) with (i) denoting the cell window and (ii) the liquid reservoir. The liquid flow cell, depicted in Fig. 26(c) , includes the same structure as Fig. 26(b) , with the Si 3 N 4 cell window (i), the O-ring (iii), and the 3 electrodes (iv, v, and vi), but with an arm that allows for an inlet and outlet of flow to refresh the reservoir. Besides the work at the Advanced Light Source, development and applications of in situ soft X-ray transmission liquid cells suitable for following electrochemical reactions were also reported by Kosugi et al. 95, 96 and Kondoh et al. 97, 98 While not the focus of this review, gas-phase studies of catalytic surfaces can yield valuable information and a gas flow-cell diagram is shown in Fig. 26(d) . In the gas phase, certain experiments such as X-ray photoemission spectroscopy become possible and are more surface sensitive than X-ray absorption.
On the other hand, gas-phase studies do not lend themselves to reaction conditions tuned by voltage. Finally, a range of nanoreactors have been designed especially for use with X-ray microscopes. 99, 100 These nanoreactors are used in transmission mode and use two 10-30 nm thin Si 3 N 4 windows that hold a 10-100 micron thick gas volume up to pressures of 5 bar. De Smit et al. have used such nanoreactors to track simultaneously the metal L edges, the oxygen K edge of the support and the carbon K edge of the substrate and reactants. 101 A similar, modified nanoreactor could also be used for the tracking of water oxidation catalysts under reaction conditions.
Soft X-ray investigations: O K-edge, M L-edge and RIXS
Although not as exhaustive a list as K-edge and L-edge XAS, various studies have applied oxygen K-edge XAS to explore the effect of the nature of the 3d valence states on catalytic activity. Sun and co-workers (2012) reported the use of O K-edge XAS to study the Ni-O covalence in a NiO x functionalized silicon WOC and found a more ionic Ni-O bonding. 72 Yoshida et al. (2015) reported an in situ XAS study on the O K-edge of the Ni-B i catalyst. 98 By monitoring the oxygen species in the Ni-B i thin film, the formation of NiO 6 octahedral domains could be directly monitored. Different behaviour for upward and downward potential sweeps suggested that the water oxidation catalysis likely proceeds at the domain edge of the NiO 6 octahedra. More recently, based on the results obtained from a combination of XAS and RIXS, Xiao et al. suggested that enhancement in water oxidation catalytic activity originated from a narrowing of the local HOMO-LUMO gap when potential and visible light illumination were simultaneously applied to a dinuclear Mn 3+ system. 104 RIXS experiments were also performed by Khan and coworkers (2014) on MnO x nanoparticles loaded into Nafion, indicating that the MnO x catalyst with the lowest d-d transitions and the strongest charge transfer showed the highest catalytic activity. 81 Bokarev et al.
studied the difference in the behaviour of the different oxidation states of manganese regarding the photo-electrooxidation of water. 
Hard X-ray RIXS
Friebel et al. combined 1s XAS with 1s2p (Ka) RIXS in order to identify the active state of a Co electrocatalyst during the oxygen evolution reaction. 84 They showed the 1s2p RIXS planes of cobalt oxides, where CoO has multiple pre-edge quadrupolebased peaks due to the coupled 1s3d excitation and 1s2p decay, as calculated by Kurian et al. 43 The 1s2p RIXS plane of trivalent oxides looks quite different and is dominated by the non-local dipole peak due to 1s4p dipole transitions into the 3d-band. 106 Using these references, a gold-supported cobalt oxide was tracked during oxygen formation. 84 Glatzel and co-workers highlighted the advantage of RIXS analysis on the Mn K preedge feature for a series of Mn model complexes to access detailed spin features. 107 
Conclusions
As the search for a viable water oxidation catalyst for incorporation into a large scale solar fuel device progresses, the fundamental understanding of the structure-activity relationship needs to be explored and XAS is a strong characterization tool that provides valuable insight. Thus far, some of the most catalytically active WOCs -namely Co, Ni, and Mn oxideshave shown similar, as-prepared electronic structures with an average metal oxidation state of 3+, octahedral coordination, and a M-O distance of B1.9 Å. The M-M distance of B2.8 Å suggests the importance of di-m oxo bridging between neighboring metal sites, which bears similarity to the Mn-oxide complex of photosystem II. For the Mn and Co oxide catalysts, the metal oxidation state increases (43+) under reaction conditions, suggesting that the transition metal oxide radical has significant metal character. In contrast, the metal oxidation state of Ni oxide catalysts is not observed to change under reaction conditions. In all cases studied thus far, the coordination environment of the catalyst does not change under reaction conditions, at the level of XAS and EXAFS sensitivity to the structure. In general, EXAFS finds that M-M distances beyond nearest neighbor are significantly suppressed in the more active WOCs, which suggests that disorder is correlated with activity. Further correlations with activity were explored using the well-defined, homogeneous structures of the Co-POMs. However, XAS and EXAFS could not differentiate catalysts with similar overall electronic structures, but with significant differences in activity. The X-ray studies of heterogeneous and homogeneous WOCs would significantly benefit from X-ray techniques that are more sensitive to the electronic structure, in order to determine to what extent the metal and oxygen are involved in the transition metal oxide radical and to differentiate details in the ground state electronic structure that could be markers of activity. Therefore, two further directions are proposed: (1) soft X-ray O K-edge XAS studies of as-prepared catalysts and under reaction conditions and (2) RIXS studies of the ground state electronic structure, focused on d-d transitions and charge transfer between metal and oxygen sites.
